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ABSTRACT
We present Large Binocular Telescope difference imaging data for the final years of
four Type II-P/L supernovae progenitors. For all four, we find no significant evidence
for stochastic or steady variability in the U, B, V, or R-bands. Our limits constrain
variability to no more than roughly 5-10% of the expected R-band luminosities of the
progenitors. These limits are comparable to the observed variability of red supergiants
in the Magellanic Clouds. Based on these four events, the probability of a Type II-
P/L progenitor having an extended outburst after Oxygen ignition is < 37% at 90%
confidence. Our observations cannot exclude short outbursts in which the progenitor
returns to within ∼ 10% of its quiescent flux on the time scale of months with no dust
formation.
Key words: stars: massive – supernovae: general – supernovae: individual:
SN 2013am, SN 2013ej, ASASSN-2016fq, SN 2017eaw
1 INTRODUCTION
Stars with masses >∼ 8M end their lives when their iron
core becomes unstable and collapses. In most cases, this re-
sults in a supernova (SN) explosion, but it is likely that 10-
30% form a black hole without a SN (Kochanek et al. 2008;
Gerke et al. 2015; Adams et al. 2017). It has generally been
assumed that the progenitors of SNe show no signs of their
imminent demise, but this view has come under question
from observations over the last decade.
Optical outbursts have been observed from a small num-
ber of progenitors (e.g., Pastorello et al. 2007; Fraser et al.
2013; Mauerhan et al. 2013; Ofek et al. 2016). Others, such
as Type IIn SNe, are inferred to have increased mass-loss
rates near the ends of their lives based on the interactions of
their ejecta with a dense circumstellar medium (CSM) (e.g.,
Gal-Yam 2012; Kiewe et al. 2012; Ofek et al. 2014; Margutti
et al. 2017). There are also reports of significant pre-SN ac-
tivity in a growing number of otherwise normal Type II-P
SNe, including SN 2007od (Andrews et al. 2010), SN 2009kf
(Botticella et al. 2010), SN 2013fs (Yaron et al. 2017), and
SN 2016bkv (Hosseinzadeh et al. 2017). That these phenom-
ena occur in the last few years before explosion requires a
causal relation between the outbursts and the final phases of
nuclear burning (see the discussion in Kochanek 2011). Ex-
planations for these events include instabilities in late stage
nuclear burning (Smith & Arnett 2014; Woosley & Heger
? Email: johnson.7080@osu.edu
2015) or the coupling of gravity waves in the core to the
surface layers of the star (Quataert & Shiode 2012; Shiode
& Quataert 2014; Fuller 2017; Fuller & Ro 2017).
We know very little about the pre-SN variability of
RSGs in terms of either luminosity or mass loss. Lo-
cally observed RSGs show ∼10% luminosity variations on
short timescales (see Section 4 below), but can have much
larger luminosity changes on longer timescales (e.g., Kiss
et al. 2006). SN surveys can detect extreme outbursts of
∆L >∼ 106−7L, which corresponds to fractional changes
of >∼ 1000% (e.g., Ofek et al. 2014). RSGs typically lose
mass at rates of M˙ <∼ 10−6M/yr (e.g., Lamers & Cassinelli
1999), while Type IIn SN properties require mass loss rates
of M˙ >∼ 10−2M/yr leading up to the explosion (Kiewe et al.
2012). This leaves two or three orders of magnitude of pos-
sible changes in luminosity or mass loss that are unexplored
yet would certainly qualify as significant pre-SN outbursts
if they occurred. Furthermore, the extreme events which are
found are rare and so tend to be distant. This leads to dif-
ficulties in establishing a mapping between outbursts and
progenitor properties such as luminosity and mass.
Understanding the prevalence of pre–SN activity re-
quires data sensitive to lower levels of progenitor variabil-
ity. At present, this is only possible in cases where multiple
Hubble Space Telescope (HST ) observations happen to ex-
ist (Elias-Rosa et al. 2009; Fraser et al. 2014; Maund et al.
2015) or for SNe that occur in the galaxies used in the Large
Binocular Telescope (LBT) search for failed SNe (Szczygie l
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Figure 1. R-band reference and difference images for the four progenitors. The first column contains the reference images, all on
different scales. The second and third columns, which are on the same scale for all four objects, show the largest luminosity excess and
deficit in ∆νLν of the higher quality data relative to the reference image. The fourth column is a difference image containing the SN.
The larger, red circles are 1.′′0 in radius, and the smaller, blue circles indicate the positions of the comparison sample pixels. In all panels,
darker colors indicate brighter sources.
et al. 2012; Kochanek et al. 2017a; Johnson et al. 2017). To
date, all these examples have been essentially quiescent.
Here, we present upper limits on the variability of one
Type II-P/L and three Type II-P SNe progenitors in the
LBT survey: SN 2013am in NGC 3623, SN 2013ej in NGC
628, ASASSN-2016fq (SN 2016cok) in NGC 3627, and SN
2017eaw in NGC 6946. The progenitors of Type II SNe are
known to be red supergiants (RSGs) from both the presence
of Hydrogen in their explosion spectra and the direct identi-
fication of their progenitors (see the review by Smartt 2015).
Our observations and methods are summarized in Section 2.
In Section 3, we discuss the variability of each progenitor,
and Section 4 examines the variability of RSGs in the Large
and Small Magellanic Clouds for comparison. We discuss our
results in Section 5.
2 OBSERVATIONS
The LBT survey for failed SNe began in 2008 and can be
used to study the progenitor of any subsequent successful
SN in the 27 sample galaxies. We use the Large Binocu-
lar Cameras (Giallongo et al. 2008) on the LBT (Hill et al.
2006) to image the galaxies in the U, B, V, and R-bands.
The data reduction and image subtraction processes using
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Figure 2. The UBVR light curves of the progenitor of SN 2013am. The circles (crosses) represent the high (low) quality data points.
The filled white circles indicate the epochs displayed in Figure 1. The red region is the RMS spread about the mean of the comparison
light curve sample for each epoch. The grey ranges denote the timespan in which a 12-15 M star with Solar metallicity would begin
core Oxygen burning (5.4-2.6 yr) and begin core Silicon burning (0.95-0.07 yr) (Sukhbold & Woosley 2014; Sukhbold 2017). Be aware
that the ∆νLν scales of Figures 2-5 differ.
ISIS (Alard & Lupton 1999; Alard 2000) and DAOPHOT (Stet-
son 1987) are described by Gerke et al. (2015) and Adams et
al. (2017). We build our reference frames similarly to John-
son et al. (2017), using only our best pre–SN images. This
isolates the pre-SN variability of the progenitor in the dif-
ference images. The UBVR reference images for each host
galaxy are interpolated and aligned to a common astromet-
ric solution.
We are able to be more selective in choosing the im-
ages used to construct the reference frames for more recent
SNe. Our initial criteria for images to be used in construct-
ing the reference frames are that they belong to the best
10 percent of images in both seeing and background flux
across all 27 galaxies for each filter. For seeing, these values
are 1.′′15, 1.′′13, 1.′′14, and 1.′′10 for U, B, V, and R, respec-
tively. For SNe that occurred earlier in the survey data, we
have fewer images we can use in building the reference and
thus had to relax our limits. In particular, we needed to
increase the seeing limits for images used in the reference
frame of the galaxy hosting SN 2013am to 1.′′47, 1.′′36, 1.′′37,
and 1.′′30. The limits on the background sky fluxes were the
same for all four progenitors. The reference frames are shown
as the first column in Figure 1. We calibrate our images using
SDSS photometry (Ahn et al. 2012), converted from ugriz
to UBVR following Jordi et al. (2006). For all four SNe, we
are able to accurately determine the position of the progen-
itor using post-explosion images that include the fading SN.
Frames containing the SNe are shown in the fourth column
of Figure 1.
Following Johnson et al. (2017), we place a grid of 12
trial points around each SN. The light curves of these com-
parison samples are used to examine the systematic errors
in our variability estimates of the progenitors. The outer
points of the grid are placed 15 pixels apart, which is ∼ 3.′′5
at the LBC’s plate scale of 0.′′2255 pixel−1. The inner points
have a spacing of 7 pixels. Figure 1 includes the locations of
these grid points as blue circles. We extract light curves cen-
tered on the progenitors and the grids at each epoch using
the standard PSF-weighted estimates measured by ISIS. We
use a PSF created from the reference frame using DAOPHOT
when the ISIS generated PSF was corrupted by saturated
stars.
We present data for all epochs with a seeing FWHM
< 2.′′0, but we flag lower quality epochs defined by a see-
ing FWHM > 1.′′5 or an ISIS flux scaling factor < 0.8. A
low flux scaling factor indicates that the image was obtained
at a higher than average airmass or through cirrus clouds.
The second and third columns of Figure 1 show the epochs
of higher quality data where the progenitor had the largest
luminosity excess and deficit in ∆LR compared to the refer-
ence image. We list the number of higher quality points in
each band as Ng in Table 1.
3 INDIVIDUAL PROGENITORS
In this section, we summarize the known properties of the
progenitor to each SN and how we characterize their vari-
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Figure 3. The UBVR light curves of the progenitor of SN 2013ej. The format is the same as Figure 2. Be aware that the ∆νLν scales
of Figures 2-5 differ.
ability. We use the same distances to the host galaxies as
Gerke et al. (2015), the Galactic extinction from Schlafly &
Finkbeiner (2011), and include any estimates of the local ex-
tinction. We assume a foreground reddening law of RV = 3.1
for all cases.
To examine the variability, we utilize both the high
and low quality data. First, we characterize the “stochas-
tic” variability of these SN progenitors using the root-
mean-square (RMSp) and peak-to-peak (PtoPp) luminosity
changes (∆νLν) for each band. The RMSp calculations in-
clude all data, while the PtoPp luminosity change estimates
only include higher quality data. The PtoPp value will not
be a good measure of the variability for progenitors with few
higher quality points (e.g., U -band for SN 2013ej). We calcu-
late the same quantities for the comparison sample (RMSi,
PtoPi) and report their means (〈RMSi〉, 〈PtoPi〉) and dis-
persions in Table 1.
Both the RMSp and the PtoPp values are a combination
of intrinsic variability and noise. We can estimate the intrin-
sic RMS variability of the progenitor by subtracting either
the ISIS noise estimate 〈σ2〉1/2 or the average 〈RMSi〉 of the
comparison sample in quadrature, where the former is more
conservative while the latter is likely more realistic. These
noise corrected estimates of the intrinsic variability are al-
ways non-zero if 〈σ2〉1/2 is used as the noise estimate, while
using 〈RMSi〉 as the noise estimate can drive the estimate
of the intrinsic variability to be zero. The PtoPp statistic
also has some expected level of noise. We used Monte Carlo
calculations to determine the mean contribution of Gaus-
sian noise fluctuations to the PtoP statistics as a function
of the number of data points used in the estimate. For ex-
ample, with 4, 8, or 16 points, the mean PtoP values found
for a Gaussian of width σ are 2.1σ, 2.8σ, and 3.5σ, respec-
tively. We correct the PtoPp value by again subtracting this
expected noise in quadrature.
While Table 1 reports variability statistics for all four
bands, we will primarily discuss the V and R-band results.
RSGs have little blue flux and the bluer bands, especially
U -band, have more systematic problems. We will use the
RMSp corrected by 〈σ2〉1/2 for our standard estimates (‘Var’
in Table 1) and average the V and R-band values for our
formal limits, Var. We also report the PtoPp corrected by
〈σ2〉1/2 scaled for the number of epochs used in its calcula-
tion as PtoPC in Table 1. This correction drives some values
of PtoPC to zero.
We investigate any long-term trends in the luminos-
ity of the progenitors by fitting the changes in the band-
luminosities with a simple line, L(t) = Apt + Bp. We also
perform the same fit to the comparison sample. For the pro-
genitors, we report the errors in Ap and for the comparison
sample we report the average absolute value 〈|Ai|〉 and the
standard deviations of the |Ai| values about 〈|Ai|〉. We re-
port the weighted average of the V and R-band Ap values
as the trend in luminosity, A, although any trends in the
progenitors’ luminosities are consistent with the compari-
son sample and (typically) zero.
Our differenced light curves are shown in Figures 2-5.
We show the changes of ∆νLν in the band luminosity νLν
relative to the difference image given the assumed distance
and contribution of both Galactic and local extinction. In
each figure, the luminosity scales are the same for all filters,
but the scales differ from figure to figure. The black circles
indicate the data that meet our ‘higher quality’ criteria and
the crosses indicate those that do not. The filled white circles
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Figure 4. The UBVR light curves of the progenitor of ASASSN-2016fq. The format is the same as Figure 2. Be aware that the ∆νLν
scales of Figures 2-5 differ.
indicate the epochs shown in Figure 1. The horizontal red
shaded region is the RMS of the comparison sample about
their mean for that particular epoch (this is different from
〈RMSi〉). The vertical gray bars denote the range in time
before explosion in which a Solar metallicity progenitor be-
tween 12-15 M begins core Oxygen burning (5.4-2.6 yr)
and begins core Silicon burning (0.95-0.07 yr) (Sukhbold &
Woosley 2014; Sukhbold 2017).
3.1 SN 2013am
The Type II-P SN 2013am was discovered independently
by Nakano et al. (2013) and Yaron et al. (2013) on 2013-
03-21. Yaron et al. (2013) and Benetti et al. (2013) both
classified it as a young Type II SN. The Galactic extinction
is E(B − V ) = 0.02 and Zhang et al. (2014) estimate an
extinction of E(B − V )host = 0.55 ± 0.19 mag local to the
SN. SN 2013am was observed extensively by Zhang et al.
(2014) in the optical and ultraviolet, who identified it as
a low-velocity SN. Based on the strength of the Calcium II
features in the explosion spectra, Zhang et al. (2014) suggest
that SN 2013am had a relatively low mass progenitor. The
host of this SN was NGC 3623, which has a distance of 10.62
Mpc (Kanbur et al. 2003).
We had observed NGC 3623 for ∼5 yrs with about 8
epochs for each filter and our difference photometry for SN
2013am is shown in Figure 2. This was our least sampled
progenitor, and has the some of the largest variability lim-
its. There are outliers in the V and B-bands about 2 years
before the SN, but these deviations are seen in the compar-
ison sample as well. The stochastic variability is consistent
with the comparison sample, for which we place a limit of
Var <∼ 2500 L from the average of the V and R-bands. Any
brightening or dimming trends also appear to be consistent
in magnitude with those of the comparison sample. The V
and R-band slope estimates are both negative, but the av-
erage of the two, A = (−420± 590)L/yr, is still consistent
with zero. The U and B-band slopes are also consistent with
zero.
The final pre-SN image was taken ∼ 5 days prior to the
discovery of SN 2013am. Although the photometry of this
epoch was low quality, no significant variability is observed.
SN 2013am was likely quiescent until the day it died.
3.2 SN 2013ej
Kim et al. (2013) discovered SN 2013ej in NGC 628 on 2013-
07-27 and it was classified as a young Type II by Valenti et
al. (2013). Yuan et al. (2016) argue for a classification of
Type II-L rather than II-P. Fraser et al. (2014) estimated a
progenitor mass of 8 to 15.5 M based on archival HST im-
ages, consistent with an estimate of 12-15 M based on mod-
els of nebular phase spectra by Yuan et al. (2016). Fraser et
al. (2014) also present evidence of a blue source that is spa-
tially coincident with the progenitor that dominates shorter
wavelength filters. The progenitor should still dominate the
R-band flux in the pre-SN images. Although their cadence
is sparse, Fraser et al. (2014) detect no variability above the
0.05 mag level between late 2003 and early 2005 in F814W.
Both Morozova et al. (2017) and Das & Ray (2017) have
modeled the light curve of SN 2013ej with the inclusion of a
dense CSM surrounding the progenitor. We adopt a distance
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Figure 5. The UBVR light curves of the progenitor of SN 2017eaw. The format is the same as Figure 2. Be aware that the ∆νLν scales
of Figures 2-5 differ.
of 9.1 Mpc, and a Galactic extinction of E(B−V ) = 0.0597.
The equivalent width of the Na I D absorption feature of
the SN suggests negligible extinction local to the progenitor
(Bose et al. 2015).
The host galaxy was observed with LBT ∼10 times over
the 5 years before the SN. The light curves for the progeni-
tor are shown in Figure 3. The RMS variability of the pro-
genitor is consistent with the comparison sample, leading
us to conclude that there is no significant variability in the
V and R-bands with Var <∼ 1200L. While the slope fit
in R-band was similar to its comparison sample and zero,
V band was not. This drives our reported linear trend in
the luminosity of the progenitor to A = (620 ± 200)L/yr.
However, the lack of a significant slope at the adjacent B
and R-bands suggests that the significance of the V -band
slope is overestimated. In terms of mass loss, Morozova et al.
(2017) present two extremes for the formation of the CSM
of SN 2013ej: a mass loss rate of 0.2 M/yr (2.0 M/yr) for
3.12 yr (3.80 months). Our observations exclude the more
modest wind, but the late-time, short-duration of the more
extreme alternative would have not been detected in the gap
between our final data point and the SN. If we consider the
results of Fraser et al. (2014) alongside our own, SN 2013ej
likely had no dramatic outbursts in the last decade before
its death.
3.3 ASASSN-2016fq
ASASSN-2016fq (SN 2016cok) was discovered in NGC 3627
by Bock et al. (2016) as part of the All-Sky Automated
Survey for SNe (ASAS-SN Shappee et al. 2014; Kochanek
et al. 2017b). It was classified as a Type II SN by Zhang et
al. (2016). We adopt a distance of 10.62 Mpc (Kanbur et al.
2003), a Galactic extinction of E(B − V ) = 0.029, and we
assume no extinction local to the SNe following Kochanek
et al. (2017a). Kochanek et al. (2017a) estimate that the
progenitor was probably in the mass range of 8-12M.
Kochanek et al. (2017a) reported the R-band light curve
and here we add the other three filters. Our difference pho-
tometry results for ∼15 observations taken over 8 yrs are
shown in Figure 4. Our R-band values differ slightly from
Kochanek et al. (2017a) as we built a new reference image
for this analysis. The apparent stochastic variability in V -
band is similar to that in the comparison sample, leading
us to conclude that our measurement is limited by noise.
We find the average RMS of the V and R-band difference
luminosities to be Var <∼ 1800L for the limit of stochastic
variability. Any long term trends are again consistent with
noise, with an average slope of A = (250± 180)L/yr.
3.4 SN 2017eaw
SN 2017eaw was discovered in NGC 6946 on 2017-05-14 by
Waagen (2017) and was classified as a Type II independently
by Xiang et al. (2017) and Tomasella et al. (2017). Van Dyk
et al. (2017) used archival HST and Spitzer observations
to find that the progenitor spectral energy distribution is
consistent with that of an RSG and no reddening beyond the
Galactic contribution. They also estimate an initial mass of
13 M for the progenitor. We adopt a host distance of 5.96
Mpc (Karachentsev et al. 2000) and a Galactic extinction of
E(B − V ) = 0.30.
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We observed the progenitor of SN 2017eaw about 35
times over almost 9 years before the SN. The UBVR light
curves of the progenitor are shown in Figure 5. This is our
most densely sampled light curve, and also showed the least
variability. We place a limit on the average V and R-band
stochastic variability of Var <∼ 700L, and the average of
the slopes for these two bands is A = (70± 20)L/yr.
4 ASAS-SN VARIABILITY OF RSGS
In order to characterize the typical variability of RSGs, we
used the 226 spectroscopically confirmed K and M super-
giants in the Large (Bonanos et al. 2009) and Small (Bo-
nanos et al. 2010) Magellanic Clouds. We used the V -
band light curves of these stars from the All-Sky Auto-
mated Survey for Supernovae (ASAS-SN, Shappee et al.
2014; Kochanek et al. 2017b). The light curves span roughly
three years with 100-200 epochs of data.
Many of the light curves were obtained from several
ASAS-SN cameras and we removed any (generally small)
residual calibration differences using the methods from
Koz lowski et al. (2010). We modeled the variability of the
stars using a damped random walk (DRW) with a fixed
τ = 164 day time scale, fitting for the variability amplitude
σ and constant offsets for the light curve from each camera.
The DRW model simply provides a well-defined method of
interpolation based on a rough fit to the variability power as
a function of time scale (i.e., the structure function). There
is no need for it to be a correct, physical description of RSG
variability for this purpose – it is simply a mathematical
tool. As part of this process, the error estimates are re-scaled
so that the model has a χ2 per degree of freedom of unity
if the initial fit has a higher value. The resulting offsets are
then removed along with the 0.1% of the data points which
lay more than 3σ from the DRW model.
We compute the same RMS and PtoP statistics for this
sample as we do for the progenitors, although the photo-
metric errors are far less significant for these bright stars.
The statistics in terms of magnitudes are only useful if the
flux of the progenitor is known, while in most cases we
lack such a measurement. For these cases, it is more use-
ful to examine the changes in luminosity, as these can be
measured or constrained from the difference images without
knowing the absolute luminosity of the progenitor. We con-
verted to luminosities using a distance modulus of µ = 18.5
and E(B − V ) = 0.066 for the LMC and µ = 18.9 and
E(B − V ) = 0.032 for the SMC, which assumes only Galac-
tic extinction from (Schlafly & Finkbeiner 2011).
Figure 6 shows the integral distribution of RSGs in their
RMS and PtoP magnitude variability after correcting for
the typical amplitude of the photometric errors. The me-
dian RSG has an RMS V -band variability of 0.08 mag and
a peak-to-peak amplitude of 0.37 mag over the three years
spanned by the data. The integral distributions for the RMS
and PtoP V -band luminosity variability are shown in Fig-
ure 7. Here the median RMS variability is 1100L and the
median peak-to-peak amplitude is 4900L as compared to a
median V -band luminosity of 1.6×104L. The median ratio
of the RMS variability to the V -band luminosity is ∼ 8%,
while the mean is ∼ 10%. The peak-to-peak amplitude is
0.25 0.50 0.75 1.00 1.25 1.50
V (mag)
0.0
0.2
0.4
0.6
0.8
1.0
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Figure 6. Integral distributions of the ASAS-SN V -band RMS
(black solid) and peak-to-peak (PtoP, red dashed) magnitude
variability of spectroscopically confirmed RSGs in the Magellanic
Clouds from Bonanos et al. (2009, 2010).
well-correlated with the RMS luminosity but approximately
four times larger.
This is not an ideal comparison sample for the SN pro-
genitors we consider. First, it is not a well-defined, complete
sample of RSGs in the LMC and SMC since it simply uses
the RSGs with well-defined spectral types from Bonanos et
al. (2009, 2010). Second, we used V -band because it was
available from ASAS-SN instead of R-band where the LBT
data are deeper and the RSGs are more luminous.
Figure 7 shows that our variability limits on the progen-
itors are comparable to the observed variability of RSGs in
the Magellanic Clouds. We see no evidence for excess vari-
ability in “pre-SN” RSGs compared to “normal” RSGs. In
fact, our estimates for the contribution of noise to the ap-
parent variability of the SN progenitors were probably too
small because we made the correction using 〈σ2〉1/2 rather
than 〈RMSi〉. So if anything, “pre-SN” RSGs may be less
variable at V -band than “normal” RSGs.
We should also note that the V -band luminosities of
the Cloud RSGs appear to be higher than the expectations
for SN progenitors. We illustrate this using the V -band lu-
minosities of the Groh et al. (2013) SN progenitor models.
We construct the integral distribution assuming a Salpeter
initial mass function (dN/dM ∝ M−2.35) from 8 to 18M
based on the results of Smartt (2015). The model progenitor
V -band luminosity distribution is shifted to luminosities 2-3
times lower than is observed for the Cloud RSGs.
5 DISCUSSION
We have placed limits on the luminosity variability of four
progenitors to Type II-P/L SNe in nearby galaxies. We find
no convincing evidence for either stochastic variability or
steady trends in the luminosity over the last several years
of these progenitors lives. As shown in Figures 2-5, the data
roughly span the period from Oxygen core ignition through
death. These SNe were fairly typical Type II’s, and the lim-
its on their variability are broadly consistent with the vari-
ability of RSGs in the Magellanic clouds. We illustrate this
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Table 1. SNe Variability limits.
Variability [103L] Slope [103L/yr]
Progenitor Sample Progenitor Sample
SN Band Ng RMSp 〈σ2〉1/2 Var PtoPp PtoPc 〈RMSi〉 〈PtoPi〉 Ap 〈|Ai|〉
SN 2013am R 6 2.9 1.5 2.5 2.5 0.0 2.4± 0.5 4.3± 1.1 −0.46± 0.71 0.51± 0.31
V 4 2.7 1.1 2.4 3.3 2.5 2.1± 0.6 4.4± 1.2 −0.33± 1.09 0.37± 0.22
B 6 4.6 1.6 4.3 6.3 4.9 3.6± 1.0 6.0± 2.3 −0.24± 1.07 0.61± 0.33
U 6 2.4 2.2 0.9 5.4 0.0 5.7± 1.6 12.6± 4.3 0.76± 0.47 2.21± 0.99
SN 2013ej R 10 1.3 0.6 1.2 4.5 4.1 0.8± 0.2 2.3± 0.8 −0.03± 0.56 0.28± 0.19
V 10 1.3 0.5 1.1 3.2 2.8 1.3± 0.3 2.5± 0.8 0.71± 0.21 0.27± 0.13
B 9 0.9 0.7 0.5 2.0 0.0 1.4± 0.3 3.1± 0.9 0.24± 0.25 0.36± 0.14
U 2 2.6 1.4 2.3 5.2 4.9 2.0± 0.9 2.2± 1.5 1.47± 1.53 0.40± 0.35
ASASSN-2016fq R 14 1.4 1.2 0.8 5.0 3.1 2.2± 0.8 7.7± 3.0 0.24± 0.21 0.35± 0.32
V 9 3.1 1.1 2.8 8.4 7.7 4.5± 1.9 9.6± 3.4 0.27± 0.37 0.72± 0.46
B 9 1.8 1.5 1.0 6.1 4.2 3.6± 1.3 7.3± 2.1 0.34± 0.25 0.21± 0.10
U 11 3.6 2.2 2.8 10.9 8.4 3.9± 1.4 9.7± 3.8 0.81± 0.37 0.43± 0.33
SN 2017eaw R 34 0.4 0.1 0.3 1.9 1.8 0.3± 0.1 1.6± 0.7 0.07± 0.02 0.04± 0.03
V 22 1.0 0.3 1.0 3.3 3.1 0.9± 0.5 3.0± 2.0 0.04± 0.05 0.06± 0.06
B 34 1.0 0.5 0.9 3.6 2.9 1.1± 0.4 4.7± 1.6 −0.00± 0.07 0.06± 0.04
U 25 1.9 1.2 1.5 6.8 4.8 2.5± 0.3 7.8± 0.8 −0.01± 0.14 0.18± 0.13
further in Figure 8, where we show the implied fractional
variability at R-band as a function of progenitor mass using
the R-band luminosities of the rotating and non-rotating
RSG progenitors from Groh et al. (2013) since we do not
have good progenitor luminosity and mass estimates for all
four stars. For the lowest mass RSG SNe progenitor models,
the variability is <∼20% of the luminosity in this band, and it
could be as low as ∼2% for the higher mass models. We also
show the mean of the fractional variation in the LMC and
SMC RSGs (Section 4) as a black horizontal line with the
standard deviation of the variations as the grey shaded re-
gion. Since the initial mass function favors lower mass stars,
we can infer that the typical RMS variability is 5-10% or less,
which is roughly consistent with Figure 6. Once the SNe of
these progenitors fade, we will be able to measure/constrain
their total band luminosities as described in Johnson et al.
(2017).
Recent models of pre-SN outbursts of RSGs by Fuller
(2017) generally and by Morozova et al. (2017) and Das &
Ray (2017) specifically for SN 2013ej predict order unity
luminosity changes in the final year(s) up to explosion or
employ extremely elevated mass loss rates. This is not ob-
served for these four stars. While sufficiently short duration
outbursts of luminosity could be hidden between our ob-
servation epochs, their consequences likely could not be for
two reasons. First, while an outburst can be fast and im-
pulsive, the return to equilibrium cannot be. The dynam-
ical timescale of an RSG is long (∼yr), and the thermal
timescales are longer still. Stellar mergers are a potential
analogy, where events like V838 Mon brighten quickly but
fade relatively slowly (Munari et al. 2002). Second, scatter-
ing and dust formation in the ejecta would have observable
effects long after the outbursts.
For example, consider a simple dust formation model
scaled by the 12M non-rotating SN progenitor from Groh
et al. (2013) with T∗ = 3500T∗3.5K and R∗ = 600R∗0.6R. If
we assume a dust formation temperature of Td = 1000Td1.0K
and black body temperatures, we find a dust formation ra-
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Figure 7. Integral distributions of the ASAS-SN V -band RMS
(black solid) and peak-to-peak (PtoP, red dash-dot) luminosity
variability of spectroscopically confirmed RSGs in the Magellanic
Clouds from Bonanos et al. (2009, 2010). The black dotted LV
curve shows the integral distribution of the stars in V -band lu-
minosity. The black dashed (red long-dashed) line is the integral
distribution of the V -band ‘Var’ (‘PtoPC ’) values for our four
progenitors reported in Table 1. The squares (circles) are the V -
band luminosities from the non-rotating (rotating) pre-explosion
RSG models by Groh et al. (2013) distributed in fraction to follow
a Salpeter initial mass function from 8 to 18M.
dius of
Rd =
R∗
2
(
T∗
Td
)2
= 3700R∗0.6
(
T∗3.5
Td1.0
)2
R (1)
= 3700Rd3.7R.
If we assume a wind velocity of vw = 60v6km/s scaled to the
escape velocity of this progenitor, then the dust formation
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Figure 8. The fractional variability implied by our R-band Var
limits and the R-band luminosity of the Groh et al. (2013) pro-
genitor models. The filled (open) points indicate non-rotating (ro-
tating) model values.
time scale is approximately
td =
Rd3.7
vw6
≈ 1.5yr. (2)
For a typical dust opacity of κ = 100κ1cm
2/g, a mass loss
rate of M˙ = 10−4M˙4M/yr, and the dust formation radius
from Equation 1, the visual optical depth scale of the dusty
wind is then
τV =
κM˙
4piRdvw
= 34
κ1M˙4
Rd3.7vw6
. (3)
For these cold stars, there is no difficulty forming dust
(Kochanek 2011; Kochanek 2014) and dense ejecta with
parameters even within an order of magnitude of these scal-
ings would have obvious photometric impacts for decades.
Even if we assume a Thomson opacity of κT = 0.4cm
2/g,
the scattering optical depth of the wind could be significant.
Essentially, dense late-time outbursts of cool stars should
promptly render the star optically invisible for long periods
of time independent of the transient duration.
The absence of outbursts also limits their frequency. If f
is the fraction of SN progenitors having extended outbursts
shortly before death, then the probability of seeing no ex-
tended outbursts in a sample of N objects is (1− f)N . For
the N = 4 Type II SNe we consider here, the lack of ex-
tended outbursts implies that f < 0.37 at 90% confidence.
By “extended”, we mean outbursts that are sufficiently long
to require no corrections for the temporal gaps between the
LBT epochs or have other observable consequences, such as
dust formation, long after they occur. If we use all N = 6
SNe in the LBT sample, adding the low-variability Type IIb
SN 2011dh (Szczygie l et al. 2012) and the Type Ic SN 2012fh
(Johnson et al. 2017), then f < 0.28 at 90% confidence for
SN progenitors more generally.
An alternative way of describing the limits is as a mass
range. We again assume that Type II SNe to come from
stars with masses between M1 = 8 and M2 = 18M and
assume they follow a Salpeter IMF. The outburst fraction
could correspond to a fractional mass range over this interval
if you assume that all stars of a given mass either experience
outbursts or do not do so. If we assume that only the lowest
mass stars from M1 < M < Mo show outbursts, then the
lack of outbursts from the 4 Type II’s implies that Mo <
9.9M based on the 90% confidence limit on f . If we assume
that only the highest mass stars from Mo < M < M2 show
outbursts, then Mo > 14.0M.
In some sense, we know these four SNe probably lacked
the dramatic outbursts seen in SN surveys or Type IIn SNe,
as they were fairly normal Type II-P/L SNe. Still, as dis-
cussed in the introduction, there is a huge gap between
the quiescent properties of RSGs and 106−7L outbursts
or mass loss rates > 10−3M/yr. The key statistic for Type
II’s will be to associate the absence of outbursts with the
luminosities and masses of the progenitors. While the LBT
sample has yet to include a Type IIn, the number of suc-
cessful SNe in the LBT survey is increasing by ∼ 1/yr. Since
Type IIn make up ∼9% of Type II SNe in a volume limited
sample (Li et al. 2011), we will eventually be able to report
on the pre-SN variability of such a progenitor for comparison
to these normal Type II SNe.
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